Introduction
Diverse types of cargos are sorted and transported by coated vesicles to multiple destinations in eukaryotic cells. Vesicles that bud from a donor membrane are subsequently fused with a target membrane. The process of vesicle budding is initiated by the recruitment of specific regulators from the cytosol onto the donor membrane. One set of proteins form a coat that can function as a scaffold enabling physical membrane deformation, and another can determine vesicle composition by interacting with cytosolic domains of transmembrane proteins.
Proteins linking cargos with the coat proteins form complexes known as adaptor protein (AP) complexes [1] [2] [3] .
APs are key regulators of protein sorting into vesicles. Four different heterotetrameric AP complexes (AP-1 to AP-4) have been characterized so far in eukaryotes including yeast, Drosophila and mammals. Each AP is composed of four subunits, also called adaptins: two large subunits (γ/α/δ/ε and β1-β4), a medium subunit (µ1-µ4) and a small subunit (σ1-σ4). The best-known complexes in vesicle formation and budding are the complexes made of clathrin and APs, such as AP-1 and AP-2. AP complexes are recruited from the cytosol and required for sorting and concentration of cargos into the coated pits, as well as for the recruitment of clathrin to the membranes. The AP-2 complex mediates the formation of clathrin-coated vesicles for endocytosis from the plasma membrane (PM) to trans-Golgi network/early endosomes (TGN/EEs), while AP-1 functions in clathrin-dependent sorting at the TGN/EEs. In contrast, it appears that AP-3 and AP-4 might at least partially function independently of clathrin [3, 4] .
The AP-3 complex is one of the most recently identified complexes in organisms such as yeast, flies and mammals and it has been found to play a role in protein sorting at the TGN and/or endosomes [5] [6] [7] [8] . The AP-3-mediated trafficking to the vacuole (in yeast) or lysosomes and lysososome-related organelles (flies and mammals) is supposed to bypass the classical vacuolar trafficking route, which most vacuolar cargos use and that involves late endosomes/prevacuolar compartments multivesicular bodies/(LE/PVC/MVB'S) [5, 6, 8, 9] . Recently, we have shown that the putative AP-3 β protein plays a role in vacuolar function in Arabidopsis, including mediation of the transition between storage and lytic vacuolar identity [10] . In addition, several putative AP-3 adaptins have been identified as suppressors of zigzag 1 (zig1) [11] , a mutant affecting a vesicle trafficking regulator, the SNARE VTI11 [12, 13] . Nonetheless, the existence and function of AP complexes, including AP-3, has not been demonstrated in plants.
In the present study, we present the identification and characterization of pat4, a mutant defective in the AP-3 δ adaptin, as well as the identification and genetic and biochemical characterization of the AP-3 complex in Arabidopsis. Our observations strongly suggest that an AP-3 complex exists in plants and together with clathrin and dynamin-like proteins is required for function of lytic and protein storage vacuoles (PSVs) in Arabidopsis.
Results

Identification of the protein-affected trafficking4 (pat4) mutant
As an approach to identify new regulators of protein trafficking pathways we carried out a fluorescence imaging-based forward genetic screen for mutants affecting the subcellular trafficking of the PIN1 auxin efflux carrier [14] , which undergoes elaborate subcellular dynamics including secretion [15] , clathrin-mediated endocytosis [16] , polar recycling [17, 18] and trafficking to the vacuole [19, 20] . By using an ethyl methanesulfonate (EMS)-mutagenized PIN1 pro :PIN1-GFP population we originally identified three independent pat mutant loci from about 1 500 M1 families; among them pat2-1 is defective in the putative β adaptin of the AP-3 complex [10] . In a further genetic screen using the progeny of other 1 920 M1 families we identified two additional non-allelic mutants pat4 and pat5. pat4-1 is a recessive mutant showing strong defects in subcellular trafficking of PIN1-GFP ( Figure 1A and 1B) . In addition to its normal basal localization in root stele cells, we observed strong intracellular accumulations ( Figure 1A and 1B) . Similarly, other polar (PIN2 [21] ), apolar (PIP2 aquaporin [22] and BRI1 brassinosteroid receptor [23] ) PM proteins showed aggregation in intracellular compartments ( Figure 1C-1H) .
The pronounced intracellular accumulation of diverse proteins had surprisingly little impact on the plant morphology because pat4-1 did not show any abnormal phenotypes under standard growth conditions (Supplementary information, Figure S1A and S1B). However, about 40% of pat4-1 seedlings, when grown on medium lacking sucrose, showed arrested growth at the seedling stage ( Figure 1I and 1J ). In addition, the germination capacity of pat4 mutant seeds decreased strongly with time of storage as compared to control (not shown).
Thus, a PIN1-GFP-based forward genetic screen identified the pat4 mutant showing almost normal growth and morphology but pronounced changes in subcellular 
pat4 mutants show normal endocytosis and recycling
Next, we investigated which trafficking pathway might be affected by the pat4 mutation, and in which subcellular compartment(s) the ectopic accumulation of proteins in pat4 mutants occurs. In Arabidopsis roots, treatment with Brefeldin A (BFA) leads to internalization of PM proteins including PIN1-GFP into so-called BFA compartments that consist of aggregated TGN/EEs and recycling endosomes with Golgi apparatus (GA) at their periphery [17, [24] [25] [26] . A 1 h treatment with 50 µM BFA, combined with PM labeling by 4 µM endocytic tracer FM4-64 [27] led to a rapid internalization of PMlocalized PIN1-GFP and its colocalization with FM4-64-stained BFA compartments (Figure 2A) indicating that constitutively cycling PIN1-GFP accumulates in endosomal aggregations. In pat4-1 roots, the early stages of FM4-64 uptake, as well as the effect of BFA, were comparable to the control. Besides the BFA compartments defined as a colocalization of PIN1-GFP signal with FM4-64 ( Figure 2A and 2B), we also observed additional PIN1-GFP aggregations that were not stained with FM4-64 ( Figure 2B ) and corresponded to ectopic PIN1-GFP aggregations in the untreated pat4-1 roots ( Figure 1A and 1B). Furthermore, the abundance of PIN1-GFP at the basal PM in the pat4-1 mutant was comparable to the control PIN1-GFP line ( Figure 4G ). This result is also consistent with a notion that secretion, endocytosis and recycling were not affected in pat4-1 mutant root cells.
From this observation we concluded that endocytosis and recycling were not significantly affected in the pat4-1 mutant and that the ectopic PIN1-GFP accumulation does not occur in the early compartments of the endocytic pathway since all these are associated with BFA compartments.
pat4 mutants accumulate proteins in aberrant lytic vacuoles
During internalization, the endocytic tracer FM4-64 labels the EEs, subsequently it marks intracellular compartments and finally it reaches the vacuole and labels the vacuolar membrane, the tonoplast [28] . In the pat4-1 mutant after long treatment (3 h) with 4 µM FM4-64, the dye stained the ectopic intracellular accumulations of PIN1-GFP ( Figure 2C and 2D) . This result suggests a late endosomal/vacuolar identity of PIN1-GFP aggregations in the pat4-1 mutant.
Staining of the tonoplast with FM4-64 also revealed an aberrant morphology of vacuoles in the pat4 mutant ( Figure 2G-2L ). To confirm this observation, we performed a 1 h treatment with the fluorescent acidotro- pic probe Lysotracker red (2 µM), which labels acidic compartments including PVC and vacuole [29] . The staining pattern of this probe in the root cells of pat4 mutants showed pronounced differences as compared to the control ( Figure 2M-2S ). The provacuole-like tubular extensions typically visible in the control [30] , were largely absent in the pat4 mutant, and the labeling with the probe was generally visibly stronger ( Figure 2N , 2O, 2R and 2S). These findings suggest that lytic vacuoles in pat4 mutant cells have the aberrant morphology and ectopically accumulate proteins, which normally undergo vacuole-mediated degradation.
Next, we analyzed whether the pat4 mutation has an effect on the morphology of PVCs, which are known to function upstream of lytic vacuoles [31] [32] [33] . In the pat4 mutant background, we observed swelling and vacuolization of PVC compartments visualized by PVC markers, such as GFP-RABF2b [34] ( Figure 2E and 2F). Moreover, the swollen PVC phenotype in the pat4 mutant resembled the effect of wortmannin on the PVC morphology [10] . Taken together, these results indicate that aberrant vacuole-like compartments in pat4 mutants can share features of both PVCs and vacuoles. This mixed identity is presumably linked to defects in function of lytic vacuoles, which cause the ectopic accumulation of cargos in aberrant vacuoles.
pat4 mutants show defects in seed PSVs
The pat4 mutant does not show any striking morphological phenotype. However, seedlings germinated on medium lacking sucrose regularly showed developmental arrest ( Figure 1I and 1J). This is typical for mutants with defects in PSVs [10, 20, [35] [36] [37] . In seeds, PSVs accumulate high amounts of reserve proteins such as albumins and globulins that serve as a source of energy during germination. The majority of mutants defective in PSVs function display ectopic sorting of these proteins to the extracellular space, which is reflected by defective maturation of these proteins and accumulation of unprocessed precursors [13, 35, 38] . PSVs in seeds of the pat4 mutant were smaller, more fragmented and very often spherically shaped in comparison with the control ( Figure  3A , 3B 3G and Supplementary information, Figure S4A -S4C). Therefore, we investigated whether the observed defects in PSVs morphology are associated with defects in sorting of storage proteins. However, we could not detect any defect in the processing of 2S albumin and 12S globulin storage proteins since the precursors of these proteins did not accumulate in the dry seeds of pat4 as revealed by western blot analysis of these proteins. This is in contrast to known mutants defective in PSVs such as vps29 [35] that accumulate precursors of storage proteins ( Figure 3H and 3I). This result shows that, despite morphological defects of PSVs in the pat4 mutant, the sorting and delivery of storage proteins to PSVs is unaffected.
A time-course visualization of PSVs revealed that pat4 mutants are defective in the morphology of storage vacuoles (Supplementary information, Figure S2A -S2F). In control seeds, 60 h following germination, almost all storage proteins were degraded and PSVs showed only weak remaining autofluorescence (Supplementary information, Figure S2B ). In contrast, in pat4 seeds, regions of strong autofluorescence were still observed after the same time post-germination demonstrating persisting accumulation of storage proteins, which could be the result of the flawed structure of PSVs (Supplementary information, Figure S2D and S2F). Accordingly, the time-course of LysoTracker red staining in germinating seeds showed abnormal acidification in pat4-1 confirming delayed transition of pat4-1 PSVs into lytic vacuoles following germination ( Figure 3C-3F) . Overall, these results show the aberrant morphology and the defective transition of PSVs into lytic vacuoles in the pat4 mutants. 
PAT4 encodes the δ subunit of the AP-3 complex
The pat4 mutant is defective in the vacuolar function and displays a number of unique features that are shared by only one other characterized mutant -pat2 -that is defective in the function of the putative β subunit of the AP-3 complex [10] . All developmental, as well as cellular phenotypes of the pat4 mutant including normal trafficking of reserve proteins to PSVs are strongly reminiscent of the pat2 mutant. This suggests that pat4 and pat2 are defective in the same process. To test whether these mutants represent alleles of the same mutation, we performed allelism test and analyzed F1 seedlings of the cross between pat4-1 and pat2-2. The F1 seedlings showed a complete rescue of the cellular phenotype present in both parental lines ( Figure 4C , 4D and 4F) confirming the recessive character and different identity of both mutations.
To gain insight into the molecular nature behind the vacuolar defect of pat4-1 we mapped the mutation by positional cloning using 300 chromosomes from the F2 progeny derived from crosses of pat4-1 with the Landsberg erecta ecotype. Sequencing the candidate genes within the interval, we found a point mutation 223 nucleotides after the ATG resulting in a premature stop codon in the gene coding for a putative δ subunit of the AP complex AP-3 ( Figure 4A and 4B). The stop codon at the beginning of the coding sequence leads to the truncation of more than 90% of the predicted full-length protein strongly suggesting that pat4-1 is a loss-of-function mutation.
To confirm this, we analyzed an additional T-DNA insertion allele (pat4-2) in the AP-3 δ locus that had been previously described as a full knock-out mutant based on the lack of AP-3 δ mRNA [11] . The pat4-2 mutant showed comparable cellular and morphological phenotypes as the original pat4-1 allele ( Figures 1J, 2I, 2L , 2O, 2S, 3G, 5C, 5G, 5K and 6C, 6H). Furthermore, all F1 seedlings from the cross between the original pat4-1 allele and the pat4-2 T-DNA insertion line showed the same intracellular PIN1-GFP aggregation as the parental homozygous lines (Figure 4D and 4E ). These findings demonstrate that the pat4-1 and pat4-2 are both recessive, loss-of-function alleles of the gene coding for the putative δ subunit of the presumptive AP-3 complex. The positive result of the allelic test between pat4-1 and pat4-2 confirmed that trafficking defect reflecting intracellular accumulation of proteins in pat4-1, is caused by mutation in the gene coding for the putative δ subunit of the presumptive AP-3 complex. Thus, the similar morphological and cellular defects observed in pat2-2 and pat4-1 mutants are caused by mutations in the putative β and δ subunits of the same AP-3 complex.
pat2 and pat4 are defective in the same process related to vacuolar function
The identification of PAT4 coding for the putative AP-3 δ subunit reveals that the similar morphological and cellular defects observed in pat2-2 and pat4-1 mutants are caused by mutations in the putative β and δ subunits of the same AP-3 complex. To address the common action of the corresponding gene products, we analyzed the phenotype of the pat4 × pat2 double mutant. The double mutant showed the same, albeit somewhat stronger, aberrations in vacuole morphology than the pat4 single mutant as visualized by tonoplast staining with FM4-64 ( Figure 5A-5D) . Similarly, staining with LysoTracker red revealed aberrations in acidification of vacuolar compartments in the double mutant ( Figure 5E -5H). The PSVs of the double mutant seeds were affected in a similar way as those in each single mutant, but showed stronger fragmentation than in the single mutant seeds ( Figures 3G, 5I -5L, Supplementary information, Figure S3A -S3C). The maturation of lytic vacuoles was strongly abnormal in the double mutant seeds as revealed by persisting autofluorescence of storage proteins in double mutant PSVs contrasting to wild-type germinating seeds (Supplementary information, Figure S2B and S2F). Accordingly, the transition of PSVs to lytic vacuoles was also affected as shown by LysoTracker red staining (Supplementary information, Figure S3D -S3G). These defects in PSVs maturation of the double mutants were similar, albeit slightly stronger, than in single mutants [10] .
The similar phenotypes of the single mutants and lack of strong additive or synergistic interaction in the double mutant combination suggest that pat2 and pat4 are defective in the same process related to the biogenesis and function of lytic and storage vacuoles.
AP-3 µ subunit is required for vacuolar morphology
The similar phenotypes of mutants defective in the putative β and δ subunits of the AP-3 complex, pat2 and pat4, respectively, suggest that the AP-3 complex, previously characterized in yeast and animals [1, [4] [5] [6] , exists also in plants and plays a role in regulating vacuolar function.
To further test this hypothesis, we generated a dominant negative version of the putative AP-3 µ subunit by truncating 18 amino acids from its C-terminal domain that is required for cargo recruitment into the forming vesicle [39] . This strategy had been successfully used previously in animal cells to inhibit the function of the whole corresponding AP complex [40] . complexes likely exist and act in plant cells, consisting of the same subunits as the corresponding AP complexes in yeast and animals.
Identification of AP-3 adaptor complex in plants
Striking similarity of phenotypes in mutants defective in AP-3 β, AP-3 δ or AP-3 µ as well as analysis of pat4 × pat2 double mutants suggest the existence of a functional AP-3 protein complex encompassing these subunits. To determine if such a complex exists in plants, and to identify which other proteins may interact with it, we generated constructs and transgenic Arabidopsis lines expressing AP-3 δ-GFP and AP-3 β-GFP proteins from their own promoters. We immunoprecipitated AP-3 δ-GFP as well as AP-3 β-GFP proteins from these transgenic seedlings and performed nano-LC followed by tandem mass spectrometry (nLC-MS/MS). In both cases, the GFP-tagged protein was recovered (Table 1 ; 73 peptides, 62% coverage for AP-3 β; 45 peptides, 53% coverage for AP-3 δ). Notably, these immunoprecipitations also recovered all three other putative subunits of the AP-3 complex from the AP-3 β-GFP line (Table 1; Figure 7 ). To confirm these findings, we performed a second independent experiment and found essentially the same result (Table 1 ; Experiment 2). This strongly suggests that the AP-3 exists in Arabidopsis as a complex, similarly as shown in mammalian and yeast cells [1, 7, 41, 42] .
Notably, we also found clathrin heavy chain (CHC) associated with AP-3 β and several Arabidopsis dynaminlike proteins [43] [44] [45] associated with both AP-3 β and AP-3 δ subunits (Table 1; Figure 7 ). Dynamin proteins are typically involved in the formation of clathrin-coated vesicles [46] [47] [48] , thus their association together with CHC with AP-3 subunits strongly supports the view that the AP-3 complex in plants could function as an adaptor complex for the formation of clathrin-coated vesicles [49] .
In summary, the biochemical studies fully confirm the genetic studies that the AP-3 complex exists in plants and plays a role in clathrin-and dynamin-mediated vesicle trafficking for regulating vacuolar function. 
Discussion
A fluorescence imaging-based forward genetic screen identifies putative AP-3 components
The use of forward genetic approaches for the identification of molecular components of subcellular trafficking and dynamics in plants has been limited so far, possibly due to functional redundancy of the regulators and/or lethality of corresponding mutants. The utilization of screens focused not on morphological phenotypes but on the changes in localization or dynamics in fluorescent subcellular markers has been performed to at least partially circumvent these issues and identify specifically also weak alleles or components not obviously affecting plant growth. These approaches already identified ARF GEF components of secretion [50] and endocytosis [51] and the putative AP-3 β component of vacuolar function [10] . The pat2 mutant deficient in AP-3 β has been identified as displaying strong intracellular accumulation of PIN1-GFP. From a similar screen with an extended EMSmutagenized population, we identified the pat4 mutant displaying very similar cellular and morphological features as pat2 including strong accumulation of proteins in abnormally shaped lytic vacuoles. Notably, map-based cloning revealed that pat4 is defective in another putative AP-3 component -the putative δ adaptin. Thus, the same fluorescence-based forward genetic screen independently identified two components of the same putative AP-3 complex displaying the same phenotype. Notably, these mutants would be very difficult to recover from the conventional mutant screens as they do not display penetrant morphological or growth phenotypes.
Putative AP-3 components play similar roles in the function of vacuoles
AP-3 is a heterotetrameric protein complex that is represented in the Arabidospis genome by single copy genes for putative β, δ, µ and σ adaptin subunits [52] . The pat2 mutant defective in AP-3 β, the pat4 mutant defective in AP-3 δ and the dominant negative version of AP-3 µ that we generated all show very similar phenotypes in the morphology and function of the lytic vacuoles.
The set of defects identified in pat2 and pat4 mutants includes subcellular phenotypes such as altered degradation and abnormal protein accumulation in misshaped lytic vacuoles, aberrant vacuolation of PVCs and impaired transition from storage to lytic vacuoles but no defects in secretory or early endocytic processes. The mutants display largely normal morphology but arrest growth on sucrose-deficient medium. This is a feature of mutants defective in protein trafficking to the storage and/or lytic vacuoles [20, 35, 38] . In a previous study, we found abnormally sized and spherically shaped PSVs in the pat2 embryo cells by using natural autofluorescence of storage proteins, which were confirmed by transmission electron microscopy [10] . The analysis of natural autofluorescence also revealed the abnormal morphology of PSVs in pat4 mutants. Although pat4 and pat2 mutants display similar PSVs defects they do not show typical defects in trafficking of 2S albumin and 12S globulin to the PSVs. These findings reveal that pat4-1 shows a basically identical set of defects as pat2/ap-3 β, a previously identified mutant from a similar screen [10] , and show that pat4-1 mutant phenotype is caused by defective vacuole biogenesis and function. Furthermore, mutants in putative AP-3 adaptins including zig suppressor 4 (zip4)/ap-3 µ, ap-3 δ and ap-3 β all suppress the shoot gravitropism and morphology abnormalities of the zig1/ vti11 mutant that is defective in protein trafficking to the lytic vacuoles [11, 13] , supporting a role of the AP-3 complex in regulating post-Golgi membrane trafficking toward the vacuole. Thus, this unique set of defects related to vacuolar functions in mutants defective in the putative AP-3 β, AP-3 δ or AP-3 µ subunits shows that putative components of the AP-3 complex play the same role in regulating biogenesis and function of vacuoles in plants.
AP-3 complex exists in plants and mediates clathrinbased trafficking for vacuolar function
Similar phenotypes of the mutants defective in the different putative subunits of the same AP-3 complex and lack of strong additive or synergistic interaction in the double mutant combination show their identical molecular function and suggest that these proteins act in the same process, possibly in the same complex. It also reveals that in analogy to yeast and animal model organisms [5, 53] , the loss of either of the subunits results in the loss of the entire AP-3 complex. As all these observations strongly suggest the existence of a functional AP-3 complex in plants, we tested this hypothesis by analyzing proteins associated with β and δ putative subunits of AP-3. Importantly, from these unbiased pull-down experiments we found strongly associated proteins that constitute the remaining subunits of the AP-3 complex. Thus the biochemical studies complemented the genetic observations and confirmed that β, δ, µ and σ adaptin subunits are part of the same complex.
Notably, also several established components of vesicle formation such as adaptins and clathrin coat were found associated with these AP-3 subunits confirming the role of the AP-3 complex in vesicle formation in plant cells. The association of the plant AP-3 with clathrin would suggest that, unlike the yeast AP-3, the plant npg AP-3 mediates formation of clathrin-coated vesicles, a notion that is controversial in mammalian cells [3, 7, 49, 54, 55] . Thus, the functional association of clathrin and AP-3 in the formation of vesicles in the different eukaryotes still remains unclear. However, Lee et al. [56] reported that in Arabidopsis protoplasts EpsinR2 interacts with AP-3 δ, clathrin, VTI12 and phosphatidylinositol-3-phosphate and plays roles in protein trafficking. This finding, together with our observations that AP-3 interacts with clathrin indicates that the Arabidopsis AP-3 complex likely functions as a clathrin adaptor complex. In mammalian cells, clathrin interaction with AP-3 is mediated by the β subunit and AP-3 β has a binding region for clathrin [49] . Accordingly, our experiments revealed association of the β but not δ subunit of the Arabidopsis AP-3 with clathrin. This indicates that in both mammals and higher plants, AP-3-mediated trafficking depends on the coat protein clathrin.
Nonetheless, the genetic and biochemical studies presented here demonstrate on the example of AP-3 that AP complexes exist in plant cells and play a role in vesicle formation as in other eukaryotes. Although the existence of other AP complexes in plants awaits demonstration, the AP-3 complex acquired a plant-specific function in regulating biogenesis and function of vacuoles.
Materials and Methods
Plant material and growth conditions
Seedlings of wild-type Col-0 and all mutant lines: pat4-1 (EMS mutant), pat4-2 (AP-3 δ SALK mutant; At1g48760; [57] ), pat2-2 (AP-3 β SAIL mutant; At3G55480, [10] ), vps29 (At3g47810, [58] ), double mutant line pat4-2 × pat2-2, crossed lines: pat4-1 × PIN2-GFP, pat4-1 × PIP2a-GFP, pat4-1 × BRI1-GFP, pat4-1 × GFPRABF2b, GFP tagged lines: PIN1 pro :PIN1-GFP (At1g73590, [59] ), PIN2 pro :PIN2-GFP (At5G57090; [21] ), 35S pro :PIP2a-GFP (X75883, [22] ), BRI1 pro :BRI1-GFP (AT4G39400, [23] ), RABF2b pro :GFPRABF2b (AT4g19640, [34] ), AP-3 β pro :AP-3 β-GFP (At3G55480, [10] ), AP-3 δ pro :AP-3 δ-GFP (At3G55480, [56] ), as well as obtained by Gateway-based cloning strategy transgenic lines: fulllength Atµ3 (At1g56590) and the (18 amino acids truncated) dominant negative version were grown vertically in Petri dishes on 0.8% agar 0.5× Murashige and Skoog (MS) medium containing 1% sucrose (pH 5.9) at 18 °C, long-day photoperiod.
EMS mutagenesis, mutant forward genetic screen and mapping
M2 seedlings, progenies of 1920 M1 3% EMS-mutagenized PIN1 pro :PIN1-GFP plants were analyzed under an epifluorescence microscope for abnormal intracellular accumulation of PIN1-GFP signal.
pat4-1 was mapped using 300 chromosomes from the F2 progeny derived from crosses of pat4-1 with the Landsberg erecta ecotype to a region of 85 kb on the lower arm of chromosome 1 (18 041-18 126; BAC F11I4), using simple sequence length polymorphism and cleaved amplified polymorphic sequence (CAPS and dCAPS) markers. For the information about Col/Ler polymorphism we used the collection of SNPs and INDELs provided by Monsanto Arabidopsis Polymorphism and Ler Sequence Collection (Cereon Genomics) and TAIR (http://www.arabidopsis.org). At1G48760 candidate gene was sequenced and we found a point mutation causing a stop codon at the position downstream of ATG.
Drug treatments and microscopy
To assess different biological processes 5-day-old seedlings were incubated in MS medium supplemented with LysoTracker red (Invitrogen; 2 µM in DMSO) and BFA (Invitrogen; 50 µM in DMSO). Control treatments were done in the same way with equivalent concentration of DMSO. For FM4-64 (Invitrogen; in H 2 O) accumulation the seedlings were pulse labeled 5 min in MS liquid medium supplemented with 4 µM FM4-64 on ice, washed three times at room temperature in MS liquid medium, mounted and observed after 3 h. For the double treatments, the seedlings were first pulse labeled with 50 µM BFA and 4 µM FM4-64 as described above, followed by 1 h incubation in MS medium supplemented with 50 µM BFA. The morphology of PSVs was examined by imaging autofluorescence. Images of embryo root cells were taken immediately after peeling off the seed coat of the dry seeds. Accumulation of LysoTracker red (as described above) was done in 1 h and 60 h after imbibition. Samples were viewed by confocal laser microscopy.
Western blot and SDS-PAGE
Protein extracts were prepared from 10 dry seeds per each line in SDS-PAGE sample buffer and subjected to SDS-PAGE followed by either Coomassie blue staining or blotting to ECL membrane (GE-Healthcare) as described before [35] . The membranes were treated with antibodies against 2S albumin (rabbit; 1:5 000) and ECL TM -anti-rabbit IgG, horseradish peroxidase (GE Healthcare; 1:5 000). The immunoreactive signals were detected by using the ECL detection system (GE-Healthcare).
Cloning and Arabidopsis thaliana transformation
The full-length Atµ3 (At1g56590) and the truncated dominant negative version DNA was amplified with the following primers: attB1_Atµ3_FW GGGGACAAGTTTGTACAAAAAAGCAG-GCTCGATGCTTCAATGTATCTTTCTC attB2_Atµ3_RW GGGGACCACTTTGTACAAGAAAGCTG-GGTCCTACAACCTGACATCGAACTC a t t B 2 _ A t µ 3 _ RW-C t G G G G A C C A C T T T G TA C A A -GAAAGCTGGGTCCTACAAACGAGGAGGGATAGTTTG.
The amplified gene was cloned under the 35S promoter. Atµ3 clones were introduced by Gateway recombination first, into pDONR221, and then into the destination vector pK7WG2,0 ( [60] ; http://www.psb.ugent.be/gateway).
Immunoprecipitation and liquid chromatography-mass spectrometry
For immunoprecipitation, 1.5-1.7 g of 5-day-old AP-3 β-GFP, AP-3 δ-GFP and Col-0 seedlings were ground in a mortar with liquid nitrogen. The powder was homogenized in extraction buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40 (NP40), protease inhibitors mix cocktail (Roche, 1 tablet per 50 ml)). After grinding, the protein extract was sonicated 3 × 15 sec with a probe sonicator (MSE) at half-maximal power and incubated on ice for 30 min. The NP40 in the protein extract was then diluted to 0.2%, followed by 2 × 15 min centrifugation at 20 000 rpm at 4 °C. The supernatant was incubated for 2 h at 4 °C with rotation with 100 µl magnetic beads coupled to a monoclonal anti-GFP antibody (Miltenyi). µColumns on a MACS MultiStand (Miltenyi) were equilibrated with 200 µl extraction buffer containing 0.1% NP40, then the supernatant was passed through the µcolumn. The column was subsequently washed with 4 × 200 µl extraction buffer containing 0.1% NP40 and 2 × 500 µl 50 mM ammoniumcarbonate. The beads were eluted from the column into low bind tubes (Eppendorf AG) with 50 µl 50 mM ammoniumcarbonate that was heated to 95 °C.
For MS measurements, 1 µl 50 mM DTT in 50 mM NH 4 HCO 3 was added to the beads and incubated at 37 °C. After 2 h, 1 µl 100 mM iodocetamide in 50 mM NH 4 HCO 3 was added and incubated 2 h at room temperature in the dark. Subsequently 1 µl 200 mM cysteine in 50 mM NH 4 HCO 3 and 1 μl trypsin-sequencing grade (0.5 µg/µl in1 mM HCl) were added and the beads were incubated overnight at 20 °C while shaking. The following day 1.2 µl trifluoroacetic acid was added to adjust to ~pH 3 and the beads were centrifuged 3 min at maximum speed. The supernatant was subjected to nLC-MS/MS analysis using a LTQ-Orbitrap. Data were analyzed using the Bioworks software package version 3.1.1 (Thermo Scientific).
